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~ * A, ACQUIRED EQUIPMENT

The following equipment has been acquired during the performance ‘pe‘ﬁéé of this award: S

Spectra Physics
133 Terra Bella Ave 3
Meuntam View, CA 94043

Gptacai Parametric Oscz}iator (OPO) laser system 1nc§udmg

- Nd: YAG Laser, }758111] iOHz PRO- 270- 1{}
- Enhanced Energy Option for PRO-270-10

- Beamlok-355 for PRO-270-10

- Standard linewidth MOPO ;;

- Frequency doubler option for MOPO

" Total cost:  $188,490
Thorlabs
- 435 Route 26
~ Newton, NJ 07860
- Lightweight Optical Breadboard

: » Total cost: S},284- S : ) f o
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" B. SUMMARY OF MOST IMPORTANT RESEARCH RESULTS

The acquired mstmmentanon was dehvereé {0 Hampton /Umversny early sprmg and the mmal
installation was completed by the end of April 2002. Initial laser spectroscopic studies of new photonic
materials have been carried out since the installation. The obtained results have been discussed at several
conferences and resulted in one manuscnpt which is in preparation for submission. Two graduate and

, undergraduate students have paruczpated n expenments using the new mstrumentanon durmg the perfannance

period of this award.

“In the following the most zmportani research results are bneﬁy summanzed

1. Development of a high- reseluimn phet@iummescenee exc:tahen (PLE) setup up

The acqmsmon of the new narrow-band Optsca] Parametric Oscxﬂaior (OPO) iaser system has ailowed
the P.1. to develop a new time-resolved photoluminescence excitation setup. The new PLE sefup is currently
being tested for excitation studies in the visible spectral region. Improvements of the setup and the extension of
the PLE studies to the UV and infrared spectral region are still ongoing. Initjal spectmscoplc studies have been
carried out on several new photonic materials. In the fol]0w1ng, a descnptmn of the new PLE setup is outlined.

Pho{o]umme%cence Excitation (PLE) 1s a powcrful spectrescoplc toei o 1dem1fy and de- convo]ute%

~ absorption bands of emitting centers. In PLE the Juminescence intensity of an optical center is recorded as a

function of excitation wavelength. Strong emission at a particular excitation wavelength indicates that the
emitting center absorbs strongly at that wavelength. In this way it is posszble to determine shape ‘and position of .
absorption bands, which Jead to the emission process. Common}y, PLE studies in the visible spectral region are ’
performed using high power tungsten or xenon Jamps. However, theee sources do not prov;de enough light
Gz}tpat to study rare earth abso:x;}tmn bands'in thin fﬁms with hlgh spec{rai resolution. '

— : Beamsphner -
i o St SR

ulsed (10ns) " v |
= LaserPower =F €
Meter S !
Flter iﬁnse ‘ :

| Monochromator | sanple, HeRefrig,

P S oy pegy

Figure1: =~ Expenmental setup for time- resolved PLE measurements

During the funding period of this HBCU instrumentation award we have developed an cxpenmental
setup to carry out time-resolved photoluminescence excitation (PLE) studies over the wavelength range ~220-
1800 nm. A schematic of this semp is shown in ‘chrure 1. The key ﬁiement of ﬁns setup zs the newiy acqmreé

S.,
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. narrow-band and tunable Jaser cens1stmg of an a;meai paramein{: escﬁlater (OPO) pumpeé by a Q- stheheé .
Nd:YAG laser (5-10ns pulses) The resolution in the PLE studies is limited by the bandwidth of the OPO
system, which is ~0.1-0.2 cm’ al}ewmg for high-resolution PLE measurements. During the PLE stud:tes the

- OPO output power is monitored using a pyroelectric power meter to normalize the PLE signal. The
photoluminescence is dispersed with a single grating 0.5 m monochromator and detected with either a
‘photomultiplier tube for visible emission studies or a LN cooled Ge detector for infrared studies. A long-pass
filter is placed in front of the entrance slit of the monochromator to minimize stray laser light. A boxcar
averager (ume-reso}ved PLE experiments) is used to process the data. Temperature ‘dependent ?L :
measurements are conducted usmg a closed- cye}e helium refrigerator for the range from 15 300 K.

In summary a PLE setup was developed which consists of a narrew-band pzﬂsed laser system severa} «
emission detectors, a gated boxcar averager, and a sample refngerat:en unjt. This PLE system allows one to
carry out site-selective and time-resolved PLE measurements as a function of temperature (15-300 K). Further'
improvements of this PLE setup in terms ef wave]en gths coverage Wzil be camed outin the future ‘

2. Laser spectroscopy of Er3+ daped GaN

The recent demonstration of v;s;ble (b ue, e;een red) and mfz‘ared (1. 54 ;,tm} e}ectrelummescence frem rare N
earth (RE) doped GaN has spurred significant interest in this class of materials for gesszble apphcauons in
optical communications and full co]or displays [1-4]. Compared to prev;eus1y studies semiconductors such as
'GaAs or Si [2-4], GaN has some major advantages as a host for Er and other RE dopants GaN is a wide- gap
“semiconductor, which leads to a reduced RE emission qnenchmg and the observation of strong RE emission at
room temperature. In addition, initial studles have shown that RE }ons can be incorporated into GaN at
concentrations as high as at least 1x10%! cm™ [1,4]. In order to optimize the performance of current RE doped
GaN devices it is important to obtain a better understandmg of the RE mcorpoz’at;on exmtatmn schemes and
luminescence efficiency. :

A sample of Er doped GaN prepared by solid-source MBE was prowded by Dr Stecki s group at the Umversny v
of Cincinnati. The Er doped GaN sample prepared by solid-source molecular beam epitaxy (SSMBE) was grown
in a Riber MBE-32 system on Si (111) substrates [5]. Ga and Er sohd sources were used in conJunctmn with a

~ 1f plasma source supplying atomic nitrogen. The sample was pretreated by cleaning in acetone, methanol, and -
deionized water before insertion into the loadlock. The sample was subsequenﬂy outgassed at ~950°C before

- growth. Durmg the growth, the Ga cell temperamre was kept constant for a beam equivalent pressure of
~8. 2x107 torr. The rf-plasma source was §<ept constant at 400 W with a N flow rate of 1.5 sccm, corresponding -

~ to a chamber pressure of mid -10” Torr. The Growth temperature was vaned from 750—950°C and the Er cell
temperature was maintained at 1100°C. The Er concentratlen in the samp]e was detenmned to be ~2xi029 cm™.

; Figure 2 shows the visible PLE spectrum of Er doped GaN during MON[BE growth This specmlm was'”
~ recorded using the new instrumentation and PLE setup described before. The Er** PL was momtored at 1. 535 ‘
~ um, while varying the excitation wavelength f;em ~420 to 680 nm. Important mfozmataon can be drawn from

- the PLE results. Striking features of the PLE spectrum are sharp peaks located at 495, 525, 553, and 651 nm.

These sharp peaks coincide with the following Er intra-4f transitions: 115;2—:' ‘Fan, I;sgg% Hiin, I;slz—e Sap,
115,2—9 For, I; 50— 1;3;2, respectively, and are assigned to resonant Er’” e_;;e;tauon The sharp peaks seen in the E
PLE of Er: GaN are similar to absorption features of Er doped insulating materials, e.g. silicate based glass

fibers. A higher resolution PLE spectrum of the 115;24,» H]]/g transition is shown in Figure 3 and compared to B

our previous PLE studies carry out with 2 broad band-excitation source. Clearly, the new}y acquired narrow-
band laser system allows a more detailed investigation of the energy Jevels of rare earth i mns in GaN (and cther B
thin-film hosts) and enables one to identify mdmduai Stark-energy ieveis
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Figure2: - High-resolution (APv-O icm'l) PLE spectrum of Er doped GaN prepared by SS]\@E at re{}m -
- temperature. ‘ '
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Figure 3: High reseiunen PLE spectra of the 115;2 —> I—i;m transnmn af Er 10ns in GaN The upper
‘ trace shows the PLE spectrum obtained using a broad-band laser source. The lower trace shows

the PLE spectrum using the new high-resolution PLE system ‘developed under this I{BCU
instrumentation award. Clearly, more details on the energy level fine- stru{;ture of Er** canbe -
obtained using the new narrew-bané laser source. The crystal -field analysis of these data isin
progress. : » ; : ‘

~ The mfonnaﬁen of the hxsher lying enerﬂy ]eve}s obtained fzom PLE measurements are zmponam for :
gaining deeper insight the Er excitation schemes in GaN as well as the incorporation of Er ions in GaN. More
detailed high-resolution PLE studies will be carried out in the future to identify the fine-structure of other Er -
intra-4f energy levels. The obtained data will then be used to carry out crystal- flﬁ]d ca]cu]auons from which the '~
:}ocal site symmetry of E:r 3ons in GaN can be derived. ~ 1~
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.3, Laser spectroscopy of Eu éaped ’GaN (SSMBE)

The visible li ght emission from rare eanh doped GaN has become of szgmficant current interest fori
applications in display techncﬁogy [1,4]. For obtammg red light emission, the “Dg>'F, transition of trivalent
Eu ions seems most promising. Intense red line emission around 622 nm from Eu daped GaN has been
‘demonstrated from several research groups [6-14] and EL devices have been fabricated [1]. The Gpt}m;zanen of -
curfent devices requires, however, a more detailed understanding of the mcorparat}on and emission pro;::ertzes
of Eu mns in GaN. i

A sample of Eu dopeé GaN prepared by sahd -source MBE was pmv;deé by Dr. Stecid’s amup at the
University of Cincinnati. The Eu doped GaN film was grown in a Riber MBE-32 system on 2 inch p-Si (111)
substrates [6]. Solid sources were used to supply the Ga (7N purity) and Eu (3N purity) fluxes. A RF plasma
source was used to generate atomic nitrogen. For the nitrogen plasma an RF power of 400 W and an N, flow
rate of 1.5 sccm was used. The Ga cell temperature ranged from 870 to 890C. A GaN buffer layer was first
deposited for 10 min at a substrate temperature of 600C. For the main growth the substrate temperature was |
ramped to 800C. The Eu cell temperature was varied from 350 to 450C for the arowth cf various fﬂms The Eu :

' concentratmn is estimated to be. i{)w-}OZi;’cm ' : : ;

An overview of the visible phote}ummescence spectnlm of the ;nveszwateé Eu dcped GaN sampie at
-room-temperature is shown in Figure 4. The emission was excited using a HeCd laser. Only weak band-edge
PL from the GaN host was observed at ~365 nm. Dependmg on the samp}e posmon some weak, yeﬁow-band .
- emission was ebserveé extending from ~450-700 nm. Sapenmg_}osed on this emission were intra-4f emission
lines from Eu® ions located at ~545 nm D;>"Fy), 601 nm (Dge'?&) 623 nm (SD@-}7P2) and 665 nm

5 7
(D¢ 'Fs).
GaN: Eu S Euw inzra-%:t
' 300K ' : 6226nm
0.30 - , ! ‘
) HeCd laser Co
. 025
L
E :
= 0204 Position 1
g ,
<
> 015
g ] G . ,
£ 0.10+ Banciedgg GaN  5445nm  g016nm
0 "Yellow-band® l ; 1 ‘
B o l \ |
0.00 ~4=— | A S APEE BEA— | i T e .
. 350 400 450 500 550 600 650 - 700

; icmeth . Date : 62900
Wave!ength(ﬂm) ) Fil lename A!DJNyemSerog;

Figure 4: Overview of the visible emission from Eu doped GaN under abcwe- gap excitation.

Excitation wavelength dependent emission studies were carried out on Eu doped GaN at 15 K using
above-gap (carrier-mediated) and below-gap (resonant) excitation. Similar to Er doped GaN, the PL specmim of =
Eu doped GaN changes slightly for different excitation wavelengths. In addition, the PL lifetime changes for the

- two different excitation wavelengths. This observation indicates that Eu’* jons are incorporated into different
sites in the GaN lattice. More sne-se]ectlve PL studies are planned using the new narrow-band OPO system and
~will assxst to identify the ]amce sites of Eu ions in GaN ~
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Figure 5: Hi gh resolution PL spectra of Eu doped GaN using above and Eeiow- gap ex;(:itaﬁ;e’n é;t 15K.
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Figure 6 Initial PLE spactrum of Eu deped GaN a‘{ SGGK

An initial PLE spectrum of Eu doped GaN is depict in fmure 6. Narrow 1ntra~4f Eu absorptlon lines .

~ can be identified at ~471.2 nm ("F0->°Dy); ~530-550nm ("Fo>°Dy), and at ~590 nm ('"F;>°Dy). In addition, 2

~ broad excitation band centered at ~ 400 nm (~3.1 €V) was observed, which overlap some higher lying Eu**
levels (7F9—3>5D3, 71:{;7“ Le). Based on FTIR measurements, Bang et al. [11,12) zecenﬂy reported a Eu-related
- defect level at 365 meV below the conduction-band of GaN. A defect- related energy transfer model had béen
proposed in the past by several authors for the excitation of Yb>* in InP and subsequently also for Er** for III- -
V’s and Si {2-4} A broad PLE excitation band was also reported for Er implanted GaN [15]. These results
‘suggests that for an efficient excitation of rare earth ions in GaN, an oveﬂap of higher lying RE excited states
with the RE-related defect energy is necessary in order to facﬂltate an efficient carrier-mediated excﬁatlon
process. More comparative PLE studies of other rare eanh doped GaN sysfems are currently in prooress o
further support this excitation model : ~ : : :
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' "'C.< EBUCAT!ONAL IMPACT

Unéerg;aduate and graéuate students have pamczpa{ed in the mstal}atlen of the new OP(} éaser system |

as well as the development and testing of a new high-resolution PL and PL excitation semp One undergraduate

student from engineering (Mr. Osei Poku) has been instrumental in deve!opmo a nitrogen purse system for the
new OPO laser system. A physics undergraduate student (Ms. Brandi Cade, figure 7) has assisted during a

summer outreach program in developing and testing a new PL and PLE setup. Two graduate students (Ms.
~Althea Bluiett and Ms. Ei Ei Nyein, figure 8) are current}y running PL and PLE excﬁamm studzes on RE doped ﬁ
GaN and solid-state laser matcnals

‘ In summary, the new mstrumentatloﬁ has been mcerperated in the training ef undercraduate and -
crraduate students seeking B.S, M.S., and Ph.D. degrees in physics and related dlsczplmes In addition, the |
instrumentation has been 1mp}ementef§ in research projects for students participating in summer outreach -
programs. In the future, students and faculty from other science and engineering ﬁepar{mems at HU. will be
trained in the use of the new laser systems and coﬂaboranve research pro;ects will be deve}aped

‘Figure ’? Brasd; Cade a physzcs ﬂnciergraéuate smden{ at H U. ahomnﬁ lenses and mlzmrs for a new PL
o - setup. : ' »

- Figure 8: Ei Ei Nvem ané Althea Bluiett, graduate students in the éepaﬁmem of physn:s at H U,
. aligning a laser e}xperzments Both students carried out several PL experiments using the
new instrumentation acquired through this grant. Ms. Bluiett is near completion of her Ph.D. in
~ physics and was recently awarded a NRC postdoctorai fe]]owshlp at the N avy Research
Laboratory in Washmﬂmn ﬁ
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‘D. LIST OF CONFERENCE PRESENTATIONS AND PUBLICATIONS

-a) Conference Presentations

- U. Hommerich, J. Zavada, A. I. Steckl, “Lummescence Propeﬁzes of Rare Earth doped GaN” 2’3"1 Rare Ear{h ‘
Research Conference, Davis, CA, July 13- 18, 20(}2 invited taﬁ{ : ; ‘

Ei Ei Nyein, U Hemmanch 3 Heikenfeld, D S. Lee A. Steckl, 3 M Zavada Spéctrogtopic evaluation of .
rare earth doped GaN for full-color display applications”, Conference on Lasers and Electro- Opticszuamu/mf

~ Electronics & Laser Sc;ence (CLEO!’QELS) Long Beach. CA May 19 24, 2{}(}2 Ora§ presentatzan CFG3 :
"Ei Ei Nyein, U..Hommerich, D. S. Lee, A. Steckl, J. M. Zavada ‘Ermssmn Pmperues of Er—doped GaN asa
- function of Ga flux, American Physical Samety March 2002 Meetmg, Ind}anapohs Ind}ana March 18- 22 ’
2002, ora% presentatmn paper T}S 6. : Lo ,

~ EiE Nycm J. T. Seo, U. Hommench “Evaluatmn of Eu doped G@J fer phosphor apphcatlons presented at
~ the Virginia Academy of Science Meeting, May 23 25, 20(}] Hamsonburg, VA..
: 'b ) Publications

"EiEi Nyem U. Hemmench D. S Lee, J. He;kenfeld J. M Zavada, Phetoiununescence and Pheto]nnnnesceme ’
Excitation Studies of Eu doped GaN, in preparat;en f{}r submi SS}GI} to Apphed Physu:s Letters ; «
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